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Abstract: Background: Morinda elliptica (family Rubiaceae), locally known as ‘mengkudu kecil’,
has been used by the Malays for medicinal purposes. Anthraquinones isolated from the roots of
Morinda elliptica, namely nordamnacanthal and damnacanthal, have been widely reported to exhibit
anticancer and antioxidant properties in various cancer models in vitro and in vivo. Aim: This study
analyzed the morphological and ultrastructural effects of damnacanthal and nordamnacanthal on T-
lymphoblastic leukemia CEM-SS cells. Method: Light microscopy, Giemsa staining, Wright's staining,
scanning electron microscopy, and transmission electron microscopy were carried out to determine
apoptosis, necrosis, and ultrastructural changes that occurred within the cells. Results: The outcomes
showed that these compounds induced cell death by apoptosis and necrosis, specifically at higher
doses of 10 and 30 pg/mL. Condensation and fragmentation of the nuclear chromatin, which further
separated into small, membrane-bound vesicles known as apoptotic bodies, were observed in the
nuclei and cytoplasm. The plasma membranes and cytoskeletons also showed marked morphological
changes upon treatment with damnacanthal and nordamnacanthal, indicating apoptosis. Conclusion:
Therefore, we report that damnacanthal and nordamnacanthal exhibit anticancer properties by
inducing apoptosis and necrosis in CEM-SS cells, and they have potential as a drug for the treatment
of T-lymphoblastic leukemia.
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1. Introduction

The incidence of cancer has increased dramatically in the last few decades worldwide.
Cancer is the second leading cause of death after heart disease in the United States of Amer-
ica [1]. Globocan [2] reported that 19.3 million cancer cases and 10 million cancer-related
deaths occurred globally in 2020. The three most common cancer diagnoses are breast
(11.7% of all new cases), lung (11.4%), and colorectal cancer (10.0%). The primary forms
of cancer mortality are lung cancer, followed by colorectal and liver cancers, accounting
for 18.0%, 9.4%, and 8.3% of all cancer deaths, respectively [2]. In Malaysia, a total of
48,639 new cases and 29,530 cancer deaths occurred in 2020 [2].

T-lymphoblastic leukemia is an aggressive form of a hematological tumor. Lymphoid
precursor cells, namely lymphoblasts, that undergo cell cycle arrest during early cancer
development become the precursor malignant cells for lymphoblastic leukemia [3]. The
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early cell arrest is triggered by abnormal gene expression due to any abnormalities of
chromosomal numbers or chromosomal translocations [3]. Globocan [2] reported the
worldwide incidence of general leukemia to be 474,519 cases with a mortality rate of
311,594 in 2020 for both sexes and all ages.

The steadily increasing interest in the development of drugs against cancer particularly
started in the 1940s [4]. In general, anticancer drugs stop cancer cell growth or multiplica-
tion at one or more points in their life cycle. They interfere with cell replication to cause
either tumor cell killing (cytotoxic drugs) or cessation of growth (cytostatic drugs) [5]. Even
though chemotherapy can now be considered the main curative treatment, drugs for cancer
are not only becoming impersonal but also expensive and highly genotoxic, teratogenic,
and fetotoxic [6,7]. In certain cases, drugs may increase the risk of developing a second
cancer [8].

Natural products, especially higher plants, have historically served and remain as
templates for the development of many important classes of drugs, such as mitotic in-
hibitors and antibiotics. The World Health Organization (WHO) estimated that at least
80 percent of the world’s population relies mainly, if not totally, on natural medicines.
These pharmaceuticals are derived either directly or indirectly from natural resources [9,10].
Phytosterols and phytocomplexes, which are found in different parts of plants, possess
profound biological benefits such as anti-inflammatory, antioxidant, and anticancer prop-
erties [11-13]. The therapeutic properties of plants have been subjected to continuous
assessment and evaluation not only recently but over thousands of generations. Through
previous efforts, plants have become a viable source of clinically useful anticancer agents,
such as vincaleukoblastine (vinblastine; Velban®) and leurocristine (vincristine; Oncovin®)
from Catharanthus roseus [14] and taxol (paclitaxel; Taxol®) from Taxus brevifolia [15].

Morinda elliptica, locally known as mengkudu kecil (little mengkudu) or mengkudu
hutan (woodland mengkudu), is a small wild tree commonly found in open, cleared
ground, especially in lalang fields and on rocks by the sea, in a few Malaysian states. As it
is very common and almost always available, it is mostly used by the Malays for medicinal
purposes. Its very bitter-tasting leaves are eaten with rice as a tonic to restore appetite.
Furthermore, it is used to treat fever, leucorrhea, wounds, headaches, cholera, diarrhea,
hemorrhoids, and convulsions, and these traditional uses have been documented as early
as 1935 [16,17].

Damnacanthal and nordamnacanthal (Figure 1) are two naturally occurring anthraquinones
present in M. elliptica that have been reported to possess good anticancer properties. An-
thraquinones isolated from Morinda sp. Have exhibited strong antitumor activities and
free-radical-scavenging activity, indicating their potent antioxidant properties [18-20]. Nor-
damnacanthal exhibited anticancer and antioxidant activities towards B-lymphoblastoid
cell lines [19] and breast cancer MDA-MB231 and inhibited 4T1 tumor progression [21].
Damnacanthal, on the other hand, was reported for its cytotoxic effect towards small-cell
lung cancer cell lines [22]. Hiramatsu et al. [23] reported damnacanthal’s anticancer prop-
erties towards leukemia, lung, and colon cancers in humans. Both damnacanthal and
nordamnacanthal were cytotoxic towards breast carcinoma MCE-7 [24].
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Figure 1. Chemical structures of nordamnacanthal (A) and damnacanthal (B).
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Latifah et al. [25] showed that the programmed cell death induced by these an-
thraquinones was activated by Mg?* /Ca?*-dependent endonuclease, which led to DNA
fragmentation. Nordamnacanthal induced apoptosis, which happened independently
from ongoing transcription processes in CEM-SS cells, whereas damnacanthal exhibited a
cytostatic effect on human CEM-SS cells by causing cell cycle arrest at the G0/G1 phase.
The cytotoxic and the cytostatic effects were, however, not connected.

These anthraquinones induce apoptosis in cancer cells. The morphological hallmarks
of apoptosis are irreversible chromatin condensation, fragmentation of DNA, and the com-
pacting of cytoplasm. The plasma membrane forms protrusions, leading to the breaking
of the nucleus. The cells then detach from their respective surrounding tissues, form-
ing cell fragments. The cytoplasm of the fragmented cells is compacted with organelles
and is termed an apoptotic body. The budding process then occurs when the markers
at the cell surface, specifically phosphatidylserine, boost the phagocytosis process with
macrophages and parenchyma, which clear the degraded bodies, preventing the occurrence
of necrosis [26].

This study reports the effect of damnacanthal and nordamnacanthal (Figure 1) treat-
ment at a cellular level and the ultrastructural changes that happen in T-lymphoblastic
leukemia (CEM-SS) cells. We also report the cell viability, apoptosis, and necrosis that occur
in CEM-SS cells following treatment with these anthraquinones.

2. Results

The cytotoxic concentrations of nordamnacanthal and damnacanthal against several
different normal and T-lymphoblastic leukemia cell lines ranged from 1.7 to 30 pg/mL
(Table 1). CEM-SS cells were found to be sensitive towards nordamnacanthal, with an
ICsg value of 1.7 ug/mL. Since the ICsy values can have such a range of concentrations,
1, 3, 10, and 30 pg/mL were selected to test the cytotoxicity of these anthraquinones on
CEMS-SS cells. On the other hand, CEM-SS cells are less sensitive towards damnacanthal,
recording an ICsy value of 10 pg/mL. Both nordamnacanthal and damnacanthal were less
toxic towards normal cell lines, PBMCs, 3T3, and Vero, with an ICsy value of more than
30 ug/mL.

Table 1. Cytotoxicity of nordamnacanthal and damnacanthal against different cell lines based on
ICs5 values determined by the MTT assay.

Cell Line Nordamnacanthal ICsy (ug/mL) Damnacanthal
T-lymphoblastic leukemia (CEM-SS) 1.7£04 10+ 0.5
Human peripheral blood mononuclear
cells (PBMCs) >30 >30
Mouse embryo (3T3) >30 >30
Monkey kidney fibroblast (Vero) >30 >30

Cells undergoing apoptosis for 24 h of treatment were observed under a light mi-
croscope, as shown in Figure 2. The control (untreated) cells appeared to be large and
healthy, and they came in irregular shapes and sizes. Irregular, hair-like projections from
the cytoplasm or the surface microvilli could be mostly seen in every individual cell. In the
treatments employing 1 and 3 pug/mL of nordamnacanthal, the existence of apoptotic cells
and apoptotic bodies that were randomly distributed in the culture was detectable. The
number of these apoptotic cells and bodies increased dramatically for the treatments with
higher concentrations of nordamnacanthal (10 and 30 pg/mL).
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Control

3 pg/mL 10 pg/mL
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Figure 2. CEM-SS cells without treatment (control) or treated with different concentrations of
nordamnacanthal for 24 h (200 x magnification). Complete arrows indicate apoptotic cells, and dotted
arrows indicate necrotic cells.

In the treatment using 30 pg/mL of nordamnacanthal, healthy cells were hardly
seen, with almost all the cells showing characteristic changes of apoptosis. The surface
microvilli totally disappeared, and the organelles became compacted together. In some cells,
cytoplasmic protrusions known as blebs were observed, which eventually gave rise to small
cytoplasmic packages called apoptotic bodies. The cells looked smaller in size or shrunken
due to a significant reduction in the cell volume. Some cells were in the early stages of
apoptosis, with chromatin condensed into the nuclear membrane forming crescent-shaped
structures, the easily identifiable morphological features of apoptosis. Some in the later
stages showed the collapse of chromatin into two or more spherical masses. The apoptotic
bodies appeared to be round or oval masses of cytoplasm and were smaller in size than the
cell of origin. Necrotic cells were also observed, even though the number was extremely
small compared to the apoptotic cells. These cells seemed swollen, and the nuclei looked
normal (Figure 2).

In contrast, the cells treated with 1 and 3 ug/mL of damnacanthal, as shown in Figure 3,
showed no morphological differences compared to the untreated cells. The apoptotic cells
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and apoptotic bodies could be clearly seen in the cells treated with higher concentrations of
10 and 30 pg/mL of damnacanthal. Nevertheless, healthy, unaffected cells could still be
observed in this culture.

3 pg/mL 10 pg/mL

30 pg/mL

Figure 3. CEM-SS cells without treatment (control) or treated with different concentrations of
damnacanthal for 24 h (200x magnification). Complete arrows indicate apoptotic cells, and dotted
arrows indicate necrotic cells.

Following Giemsa staining, as shown in Figure 4, the untreated cells appeared healthy,
some were round, and some were irregular in shape and size. The nuclei were large with
clear nuclear membranes, and the chromatin was fairly well-distributed in the nuclear
compartments. In the treatments using 1 and 3 ug/mL of nordamnacanthal, some cells
showed nuclear compaction. Budding and apoptotic cells were noticeable in the cells
treated with 10 ug/mL of nordamnacanthal. There were no healthy cells found in the
treatment using 30 pug/mL of nordamnacanthal. The chromatin collapsed into two or more
spherical masses, and the nuclei seemed to be totally deteriorated (Figure 4).



Molecules 2022, 27,4136

6 of 21

3 pg/mL 10 pug/mL

30 pug/mL

Figure 4. Giemsa-stained CEM-SS cells without treatment (control) or treated with different concen-
trations of nordamnacanthal for 24 h (200x magnification). Arrows indicate collapsed chromatin.

In the case of damnacanthal, as shown in Figure 5, nuclear compaction was observable
in some cells treated with 10 pg/mL of the compound. Even though most of the cells
showed a characteristic morphological pattern of apoptosis (as found in the treatment
employing 30 ug/mL of nordamnacanthal), there were still healthy, unaffected cells existing
in the culture with 30 pg/mL of the damnacanthal treatment.
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Control

3 pug/mL 10 pg/mL

30 pg/mL

Figure 5. Giemsa-stained CEM-SS cells without treatment (control) or treated with different concen-
trations of damnacanthal for 24 h (200x magnification). Arrows indicate collapsed chromatin.

Wright’s stain was used to identify apoptotic cells under light microscope observation
after 24 h of treatment with nordamnacanthal (Figure 6). The untreated cells were healthy
with large nuclei. Some appeared round, and some displayed irregular shapes and sizes.
The cytoplasmic and the nuclear membranes were clearly seen. The nuclear compaction
that refers to the early stages of apoptosis was detectable in the cells treated with 1 and
3 ng/mL of nordamnacanthal. Most of the cells in treatments with higher doses of 10 and
30 pg/mL were in the later stages of apoptosis. At this level, the chromatin had already
collapsed into two or more spherical masses.
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30 pg/mL

Figure 6. Wright’s-stained CEM-SS cells without treatment (control) or treated with different concen-
trations of nordamnacanthal for 24 h (200 x magnification).

In contrast to nordamnacanthal, most of the cells treated with 10 ng/mL of damnacan-
thal were in the early stages of apoptosis (Figure 7). The nuclei were seen to be compacted,
and the chromatin condensed into the nuclear membrane, forming crescent-shaped struc-
tures. Changes showing the late stages of apoptosis were noticed in the cells treated with
30 ng/mL of this compound. In general, cells that committed apoptosis in the treatments
using these two compounds were relatively smaller in size than the healthy ones, and
the surface microvilli completely disappeared. On the other hand, there were no marked
morphological differences in the cells treated with both 1 and 3 pug/mL of damnacanthal
compared to the unaffected cells (Figure 7).
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30 pg/mL

Figure 7. Wright’s-stained CEM-SS cells without treatment (control) or treated with different concen-
trations of damnacanthal for 24 h (200 x magnification).

A scanning electron microscopy analysis (Figure 8) showed that the control (untreated)
cells with irregular shapes and sizes appeared healthy. Irregular hair-like projections from
the cytoplasm or surface microvilli were mostly seen in every individual cell. Cells treated
with 1, 3, and 10 pg/mL of nordamnacanthal showed the earliest stage of apoptosis in
the CEM-SS cells. At this point, the microvilli that were originally present disappeared,
and blunt protuberances were formed on the cell surface. The focal surface protrusions
then became very pronounced in every cell treated with 30 pug/mL of nordamnacanthal. In
some cells, the protuberances separated from the cell of origin, producing apoptotic bodies
of varying sizes. Nevertheless, necrotic cells were hardly seen, even in the treatment using
the highest concentration of nordamnacanthal.
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Figure 8. Scanning electron micrographs of CEM-SS cells (A) without (control) or treated with
(B) 1 ug/mL, (C) 3 ug/mL, (D) 10 pg/mL, or (E,F) 30 ug/mL of nordamnacanthal for 24 h (2500 x
magnification). (G-I) are close-up views of cells treated with 10 pg/mL and 30 pug/mL, respectively,
of the compound (6500 x magnification). a: apoptotic cell, n: necrotic cell, and ab: apoptotic body.

Similarly, there were no morphological changes compared to the control in the treat-
ments using 1 and 3 pg/mL of damnacanthal (Figure 9). The microvilli were completely
vanished, and blebs started to develop on the surfaces of some cells treated with 10 pg/mL
of the compound. The blebs were then completely formed but only in a few cells in the
treatment using 30 ug/mL of damnacanthal. The cells undergoing apoptosis shrank and
were smaller in size compared to healthy, unaffected ones.

Using a transmission electron microscopy technique, the control (untreated) cells were
viewed to have different, irregular shapes and sizes, as shown in Figure 10. The microvilli,
in the form of irregular hair-like structures, seemed to be projected from the cytoplasm.
The nuclei were large and confined by clear nuclear membranes. The chromatin was evenly
distributed in the nuclear compartments. The same observations were also found in the
treatments with 1 and 3 pg/mL of nordamnacanthal, showing that the compound at low
concentrations did not affect the cells.

The earliest morphological evidence of apoptosis was noticeable in the cells treated
with 10 pg/mL of nordamnacanthal. The chromatin began to condense, microvilli that
were originally present disappeared, and blunt protuberances started to develop. In some
cells, cell and nuclear convolutions were obviously seen. These events were accompanied
by more extensive budding, producing discrete nuclear fragments of varying sizes and
chromatin contents, which remained surrounded by double membranes (Figure 10).
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Figure 9. Scanning electron micrographs of CEM-SS cells (A) without (control) or treated with
(B) 1 ug/mL, (C) 3 ug/mL, (D) 10 pg/mL, or (E) 30 ug/mL of damnacanthal for 24 h (2500 x
magnification). (F-H) are close-up views of cells treated with 10 ug/mL and 30 ug/mL, respectively,
of the compound (6500 x magnification). a: apoptotic cell.

In the treatment with 30 ug/mL of nordamnacanthal, almost all the cells were at the
stage of extreme cell and nuclear convolutions. The condensed chromatin occupied the
whole of the cross-sectional area in some of the fragments, while confined to peripheral
crescents in others. Remnants of the nucleolus were apparent in the nuclei and the nuclear
fragments in some planes of the sections, and they took two forms: clusters of dispersed
granules and compact granular masses that were closely opposed to the inner surfaces of
the condensed chromatin. In some cells, the protuberances that formed on the cell surfaces
began to separate, producing clusters of membrane-bound apoptotic bodies of roughly
spherical or ovoid shapes of varying sizes and compositions. Even though some of the
apoptotic bodies were at an advanced stage of degradation, resembling those observed
at advanced stages of necrosis, they could still be recognized by the presence of typical
nuclear fragments. The structural integrity of organelles such as the mitochondria, on the
other hand, remained preserved and unaffected during the process of apoptosis (Figure 10).
In the case of damnacanthal, there were no differences between the treated cells, even at the
highest concentration (30 ug/mL) of the compound, as compared to the control (Figure 11).
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Figure 10. Transmission electron micrographs of CEM-SS cells without treatment (control) or treated
with different concentrations of nordamnacanthal for 24 h. (a,b) Unaffected control cells with irregular
shapes. The nuclei were large and chromatin was evenly distributed in the nuclear compartments
(6000 x magnification). Cells treated with (c) 1 ug/mL (7000 x magnification) and (d) 3 ug/mL (8000 x
magnification) of nordamnacanthal showing no morphological changes compared to the control.
(e) Cell treated with 10 pg/mL of nordamnacanthal showing the earliest evidence of apoptosis. The
chromatin started to condense (big arrows), and the blebs began to form (small arrows). The surface
microvilli totally vanished (5000 x magnification). (f,g) Cells treated with 10 ug/mL with obvious cell
and nuclear convolution accompanied by extensive budding, producing distinct nuclear fragments,
different in size and chromatin content. The condensed chromatin occupied the whole of the cross-
sectional area in some of the fragments (small arrow) and was confined to peripheral crescents in
others (big arrow) (7000 x magnification). (h,i) Remnants of the nucleolus were apparent in the nuclei
and the nuclear fragments in some planes of the section, appearing in two forms: clusters of dispersed
granules (long arrow) and compact granular masses that were closely opposed to the inner surfaces
of the condensed chromatin (short arrow) (from 30 pg/mL treatment) (7000 x magnification). (j) The
protuberances on the cell surface began to separate (from 30 pg/mL treatment) (6000 x magnification).
(k) A cluster of apoptotic bodies containing dense and lucent nuclear fragments and well-preserved
organelles (from 30 pug/mL treatment) (6000 x magnification. (I,m) Advanced stage of degeneration
of apoptotic bodies that could still be recognized by the presence of typical nuclear fragments (arrows)
(from 30 pg/mL treatment) (8000 x and 10,000 x magnification, respectively). (n) Mitochondria of
control cell (40,000 x magnification). (o) Unaffected mitochondrion from cell treated with 30 ug/mL
of nordamnacanthal (40,000 x magnification).
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Figure 11. Transmission electron micrographs of CEM-SS cells treated with different concentrations
of damnacanthal for 24 h. Cells treated with (a) 1 ug/mL (7000 x magnification), (b) 3 pg/mL (7000 x
magnification), (c) 10 pg/mL (5000 magnification), and (d) 30 pug/mL (6000 x magnification) of
damnacanthal showed no morphological changes compared to the unaffected control cell. The nuclei
were large, and the chromatin was well-distributed in the nuclear compartments. Irregular, hair-like
projections from the cytoplasm or the surface microvilli could be mostly seen in every individual cell.

Based on these morphological changes, the numbers of viable, apoptotic, and necrotic
cells were counted and expressed as proportions of the total cell number (%). The percent-
ages of viable, apoptotic, and necrotic cells fluctuated throughout the experiment employing
both compounds. As shown in Figure 12, following treatment with nordamnacanthal, the
percentages of viable cells were lower in the 30, 10, and 3 pg/mL groups compared to
control. At 72 h, there was a marked drop in the percentage of viable cells. Treatment with
damnacanthal, however, showed a reduction in the number of viable cells, but only in the
30 and 10 ug/mL treatment groups. Figure 13 shows that the percentages of apoptotic
cells were also the highest in the 30, 10, and 3 pg/mL treatments of nordamnacanthal.
Damnacanthal, on the other hand, only showed high percentages of apoptotic cell for
the two highest concentrations (30 and 10 ug/mL). The percentage of necrotic cell in the
treatment with 30 pg/mL of nordamnacanthal increased to 57% at 48 h and to 76% at 72 h
(Figure 14). The treatment with 1 ug/mL of nordamnacanthal showed an increase in the
percentage of viable cells and, thus, gave the lowest proportions of apoptotic and necrotic
cells throughout the experiment. The percentage of necrotic cells was increased at 48 h
(63%) and reduced at 72 h (18%) following damnacanthal treatment. In two treatments (3
and 1 ug/mL of damnacanthal), the percentages of viable cells were considerably high,
and there were no significant differences in the percentages of apoptotic and necrotic cells
compared to the untreated culture. Comparatively, nordamnacanthal was more toxic than
damnacanthal due to the higher percentage of cell death achieved in the experiment in
every concentration used.
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Figure 12. The percentages of viable CEM-SS cells treated with different concentrations of nor-
damnacanthal and damnacanthal at 24, 48, and 72 h. Control cultures were not treated with nor-
damnacanthal or damnacanthal. Each data point represents the mean =+ SD. * Significant difference
of p < 0.05 within the same anthraquinone group vs. its respective control. # Significant difference of
p < 0.05 between nordamnacanthal and damnacanthal of the same concentration.
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Figure 13. The percentages of apoptotic CEM-SS cells treated with different concentrations of
nordamnacanthal and damnacanthal at 24, 48, and 72 h. Control cultures were not treated with
nordamnacanthal or damnacanthal. Each data point represents the mean =+ SD. * Significant difference
of p < 0.05 within the same anthraquinone group vs. its respective control. # Significant difference of
p < 0.05 between nordamnacanthal and damnacanthal of the same concentration.
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Figure 14. The percentages of necrotic CEM-SS cells treated with different concentrations of nor-
damnacanthal and damnacanthal at 24, 48, and 72 h. Control cultures were not treated with nor-
damnacanthal or damnacanthal. Each data point represents the mean + SD. * Significant difference
of p < 0.05 within the same anthraquinone group vs. its respective control. # Significant difference of
p < 0.05 between nordamnacanthal and damnacanthal of the same concentration.

3. Discussion

The high cytotoxicity exhibited by nordamnacanthal and damnacanthal towards CEM-
5SS cells while not exerting a toxic effect on noncancerous cells indicated they are potential
anticancer agents. At 24 h, nordamnacanthal and damnacanthal caused morphological
changes in CEM-SS cells, indicating apoptosis. The cells undergoing apoptosis showed a set
of coordinated structural changes that, in the first stage, were characterized by condensation
and fragmentation of the nuclear chromatin. During the second stage of the process, there
was fragmentation of both the cytoplasm and nucleus, and the cells separated into small,
membrane-bound vesicles known as apoptotic bodies [27-29]. In addition to the nucleus
and cytoplasm, the plasma membranes and cytoskeletons were also shown to undergo
marked morphological changes during apoptosis [30,31]. Furthermore, the disappearance
of microvilli has been recognized as one of the early events of apoptosis [32,33].

Apoptosis is generally defined as the suicide of a cell established in advance whereby
the cell self-destructs to ensure the smooth continuity of normal body functions. Necrosis,
on the other hand, is known as untimely cell death that happens as a consequence of
extreme and uncontrollable external factors. The factor that causes cell death by apoptosis
or necrosis depends on the type of tissue, the stage of development of the tissue, and the
death signal, as well as the physiological environment [34,35]. However, in an event where
apoptotic cells are not effectively removed by the phagocytic cells, apoptosis can progress
into secondary necrosis. In this study, there was no correlation or any dose-dependent
relationship between apoptosis and necrosis.

Damnacanthal from Morinda citrifolia was previously reported to increase intracellular
Ca?* (cytosolic Ca?") by releasing Ca?* from internal stores and promoting Ca®* entry,
which may be the possible mechanism that induced apoptosis during testing on human
dermal fibroblasts. The damnacanthal-induced Ca?* was found to be mediated by voltage-
dependent and voltage-independent Ca?* channels [36]. In fact, it has been shown that
the early signal for the initiation of apoptosis by various stimuli was due to elevation
in cytosolic Ca?* [30,37]. Intracellular Ca?* levels modulate a multitude of vital cellular
processes, including gene expression, cell viability, cell proliferation, cell motility, cell
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shape, and cell volume regulation, thereby playing a key role in regulating cell responses
to external signals. Therefore, the maintenance of low cytosolic Ca?* is necessary for
proper functioning of cells [38]. Mitochondria play a vital role in controlling cellular Ca?*
dynamics. Mitochondria transport Ca* to regulate cytosolic Ca?*, to serve as a store of
Ca?* when its concentration in the cytosol is excessive, to serve as a releasable source of
activator Ca%*, and to regulate mitochondrial matrix Ca?* and, thereby, control the level
of activation of Ca?*-sensitive metabolic enzymes. However, we previously reported that
elevations in the cytosolic Ca?* concentration were not induced by nordamnacanthal and
damnacanthal and were not needed for the apoptosis of CEM-SS cells [25].

Morphological and functional changes in the mitochondria can be caused by oxidative
stress after exposure to various toxins that affect both mitochondrial matrix enzymes and
membrane-bound enzymes. As a consequence, cytosolic Ca®* increases [39]. Uncontrolled,
prolonged elevations of cytosolic Ca?* can result in cell death (apoptosis) because calcium
damages cellular proteins and membranes by activating Ca?*-dependent degradative en-
zymes, such as proteases and endonucleases [40], and by promoting free radical production
via the activation of lipases [30,41].

In summary, the majority of caspase substrates that have been identified are involved
in cell regulation, DNA repair, homeostasis, and cell survival. Cleavage and the subsequent
inactivation or alteration of these proteins is a critical event contributing to the apoptotic
phenotype [42]. Therefore, the inhibition of CEM-SS cell proliferation by nordamnacanthal
and damnacanthal from Morinda elliptica seems to be related to their ability to induce
apoptosis in the cells.

The occurrence of apoptosis through nordamnacanthal and damnacanthal from
M. elliptica was found to be extremely concentration- and time-dependent, but the mech-
anism by which they caused cell death was unknown. Currently available commercial
drugs such tamoxifen [43,44], doxorubicin [45], and cisplatin [46] also induce apoptosis to
specific cancer cells. Therefore, we report here that nordamnacanthal and damnacanthal
induced apoptosis cell death to CEM-SS cells, but the downstream mechanism that leads to
this needs to be explored further.

4. Materials and Methods
4.1. Materials
4.1.1. Cells and Compounds

T-lymphoblastic leukemia CEM-SS cell line and noncancerous cell lines (NIH 3T3:
mouse embryo fibroblast; Vero: African monkey kidney fibroblast) with both anchorage-
dependent and suspension cells were obtained from the American Type Culture Collection
(ATCCQ), the National Cancer Institute (NCI), and the RIKEN Cell Bank (RCB). Human
peripheral blood mononuclear cells (PBMCs) were kindly supplied by Miss Leong Pooi
Pooi from the Faculty of Medicine and Health Sciences, Universiti Putra, Malaysia.

4.1.2. Compounds

The anthraquinones, nordamnacanthal and damnacanthal, that were isolated from
the roots of Morinda elliptica, as outlined in [25,47], were kindly supplied by Prof. Dr.
Nordin Haji Lajis from the Department of Chemistry, Faculty of Science and Environmental
Studies, Universiti Putra, Malaysia. Briefly, roots of Morinda elliptica were collected from
Port Dickson, Negeri Sembilan, and identified by Mr Anthonysamy Sivarimuthu from the
Department of Biology. A voucher specimen (voucher number: SK2391/14) was deposited
in the herbarium of the Department of Biology, Universiti Putra, Malaysia. The roots were
air-dried, chopped, ground, and soaked in dichloromethane (CH,Cl,) at room temperature
for 36 h. The solvent was filtered out, and fresh CH,Cl, was added. This process was
repeated three times. The combined filtrate was evaporated under reduced pressure to
give a brown-colored residue. Exactly 12 kg of powdered M. elliptica root provided 142 g of
residue. Then, 26 g of the crude extract was dissolved in CHCl3; and absorbed as a packed
10-50 cm column onto an acid-washed silica gel that was previously shaken for 30 min
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with 4% oxalic acid, filtered, and dried. Then, based on the TLC patterns, 95 fractions were
collected and combined into six major quinone-containing fractions and were labeled A, B,
C, D, E, and F for further separation procedures.

After column chromatography, fraction A was re-chromatographed using a smaller
300-350 mm column, packed with 2% acid-washed silica gel, and eluted with a mixture
of CH,Cl; and petrol. The major component of fractions B and C, separated by TLC
in CHCl3, was nordamnacanthal. Exactly 1.02 g of nordamnacanthal was isolated after
the recovery of the major orange band. The yellow band that appeared after the major
orange band of fraction B was then separated using chromatotron eluted with CHCl; to
produce 196.4 g of damnacanthal. Absorption spectra were recorded between 190 and
1100 nm. The spectroscopic values of nordamnacanthal and damnacanthal were verified
with the literature values [48,49]. The excitation and emission values for nordamnacanthal
were 419 nm and 479 nm, respectively, while damnacanthal recorded 248 nm and 314 nm,
respectively. The melting point of nordamnacanthal was 214-218 °C, and damnacanthal
was 208-211 °C.

The powdered-form compounds (nordamnacanthal and damnacanthal) were dis-
solved in dimethylsulphoxide (DMSO, Sigma, St. Louis, MO, USA), whereby the percent-
age of DMSO in the experiment was ensured to not exceed 5%. The solution was prepared
with serum-free culture medium (RPMI 1640) and stored at 4 °C.

4.2. Methods
4.2.1. Cell Lines

CEM-SS cells were grown in RPMI 1640 medium (Sigma, St. Louis, MO, USA) supple-
mented with 10% fetal calf serum (Sera Lab, London, UK) and antibiotics (100 units/mL
penicillin and 100 pg/mL streptomycin) (Sigma, St. Louis, MO, USA). They were incubated
at 37 °C under 5% CO; in a humidified atmosphere. The cells were exponentially growing
before all the experiments.

4.2.2. 3-[4,5-dimethylthizol-2-yl]-2,5-diphenyltetrazolium Bromide (MTT) Assay

The cytotoxicity was quantitatively estimated with a nonradioactive colorimetric
assay system using tetrazolium salt (MTT, Sigma, St. Louis, MO, USA). Briefly, MTT was
dissolved in phosphate-buffered saline at 5 mg/mL and filter-sterilized to remove the small
amount of insoluble residue present in some batches of MTT. The MTT stock solution was
added directly to all the appropriate microtiter-plate wells (10 pL per 100 pL medium)
containing cells and complete growth medium, with or without the tested compounds.
The plate was then incubated for 4 h at 37 °C to allow MTT metabolism to formazan.
Subsequently, the supernatant was aspirated, and 100 uL of acid with isopropanol (0.04 M
HCl in propan-2-ol) was added and mixed thoroughly to dissolve the dark blue formazan
crystals. The optical density (OD) was measured with an automated spectrophotometric
EL 340 multiplate and microelisa reader (Bio-Tek Instruments Inc., Winooski, VT, USA)
using test and reference wavelengths of 570 and 630 nm, respectively. The cytotoxic
dose that killed the cells by 50% (ICs() was determined from the absorbance (OD) versus
concentration curve.

4.2.3. Trypan Blue Dye Exclusion Method

The treatments were carried out in 60 mm petri dishes (Nunc) with a working volume
of 5 mL. Briefly, cells with a density of 1 x 10° cells/mL were treated with 30, 10, 3,
and 1 ug/mL of nordamnacanthal and damnacanthal. Controls that contained only the
cells were included for each sample. The cells were then harvested every 8 h for 3 days
(72 h), and the viability was measured by staining the cells with 0.25% trypan blue (Sigma,
St. Louis, MO, USA) at a dilution of 1:1 and counting with a Neubauer hemocytometer
under a light microscope. The dead cells were stained blue, whereas the viable cells
remained clear. The proliferative profiles were determined by comparing the amounts of
the treated populations to that of the control cell population.
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4.2.4. Giemsa Staining

Briefly, cells with a density of 1 x 10° cells/mL were treated with 30, 10, 3, and
1 pg/mL of nordamnacanthal, damnacanthal, and commercial drugs and were incubated
for 24 h. Controls that contained only the cells were included for each sample. The cells
were harvested; resuspended in 0.04 M KCl with 0.025 M sodium citrate before adding
fresh, ice-cold, glacial acetic acid: methanol (1:3); and spun down at 1000 rpm (200x &)
for 10 min. This was carried out twice. The supernatant was drained, and the pellet was
resuspended in the same ice-cold, glacial acetic acid: methanol solution. Then, one drop of
the mixture was placed onto a cold glass slide, dispersed, and air-dried. The slide was then
immersed in the Giemsa stain (1 part Giemsa: 9 parts PBS) (Sigma, St. Louis, MO, USA) for
8 min and then washed under running tap water. The slide was visualized under a light
microscope.

4.2.5. Wright’s Staining

The staining was carried out as described by Lillie [50]. The treatments were carried
out in 60 mm petri dishes with a working volume of 5 mL. Briefly, cells with a density
of 1 x 10° cells/mL were treated with 30, 10, 3, and 1 ug/mL of nordamnacanthal and
damnacanthal and incubated for 24 h. Controls that contained only the cells were included
for each sample. The cells were collected through centrifugation at 1000 rpm (200 g) for
10 min. The supernatant was poured out, and the pellet was resuspended in fetal calf serum
(Sera Lab, London, UK). One drop of the solution was placed onto a glass slide, dispersed,
and air-dried. The slide was flooded with methanol for 5 min, followed by Wright’s stain
(Sigma, St. Louis, MO, USA) for 3 min, and subsequently, phosphate-buffered saline
was added without washing off the stain. The slide was left at room temperature for 6
to 8 min. The slide was then washed under running tap water and examined under a
light microscope.

4.2.6. Scanning Electron Microscopy

Briefly, cells with a density of 1 x 10° cells/mL were treated with 30, 10, 3, and
1 ug/mL of nordamnacanthal and damnacanthal and incubated for 24 h. Controls that
contained only the cells were included for each sample. The cells were harvested, washed
with PBS, and fixed with 4% buffered glutaraldehyde for 12 to 24 h at 4 °C. They were then
washed with 0.1 M sodium cacodylate buffer for 3 changes of 10 min each, post-fixed in
0.5 mL 1% buffered osmium tetroxide at 4 °C for 1 h, and washed again with 0.1 M sodium
cacodylate. The cells were then dehydrated in a series of 35% to 50% to 75% to 95% of
acetone for 5 min each and, finally, with 3 changes of 100% acetone for 10 min each. The
cells were then placed onto albumin-coated aluminum foil, transferred into a specimen
basket, and dried with a critical-point dryer (Hitachi HCP-2 Critical Point Dryer, Tokyo,
Japan) for about 30 min. The foil was coated with a thin layer of cold in a sputter coater
(Polaron E5100, SEM Coating Unit, Hertfordshire, UK). The cells were examined with a
scanning electron microscope (JEOL JSM-6400, Scanning Microscope, Tokyo, Japan).

4.2.7. Transmission Electron Microscopy

Cells with a density of 1 x 10° cells/mL were washed with sterile, distilled water and
spun down at 1000 rpm (200x g) for 10 min. The supernatant was poured out, and the
pellet was fixed in 4% buffered glutaraldehyde overnight. The buffer was discarded, and a
drop of serum was put into a tube. Glutaraldehyde was added and fixed for 4 h. The pellet
was then taken out, cut into pieces, and transferred to a new vial. The pieces were washed
with 0.1 M sodium cacodylate buffer for 3 changes of 10 min each, post-fixed in 0.5 mL 1%
buffered osmium tetroxide at 4 °C for 1 h, and washed again with 0.1 M sodium cacodylate.
The pieces were dehydrated in increasing concentrations of alcohol from 50% (15 min), to
50% (15 min), to 75% (15 min), to 95% (15 min, twice), to 100% (30 min, twice) and were
finally cleared in 100% acetone (10 min, twice). Infiltration was carried out in an acetone
and pure epoxy resin mixture (1: 1, 2 h; 1: 3, 2 h; 100% resin, overnight; 100% resin, 2 h).
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The pieces were placed into beam capsules and embedded in epoxy resin. Polymerization
was conducted in an oven at 60 °C for 24 to 48 h. Then, 1 um thick sections were stained
with toluidine blue, washed, and examined under a light microscope.

Later, selected areas of interest were cut for either silver or golden ultrathin sections.
They were picked up with a grid and dried using filter paper. The sections were then
stained with uranyl acetate for 10 min and washed with 50% filtered alcohol. Finally,
they were stained with lead citrate for 10 min, washed with double-distilled water, and
examined with a transmission electron microscope (Hitachi H-70100 Transmission Electron
Microscope, Tokyo, Japan).

4.3. Data Analysis

The data were presented as mean £ SEM. The statistical differences between the
treated and control groups were determined using Student’s t-test. One-way analysis of
variance (ANOVA) was also used for multiple comparisons, where p < 0.05 was considered
to be statistically significant.

5. Conclusions

Nordamnacanthal and damnacanthal from the roots of Morinda elliptica imparted
a cell growth inhibitory response in CEM-SS cells via the induction of apoptosis and
necrosis. Nordamnacanthal and damnacanthal caused condensation and fragmentation
of the nuclear chromatin, which then led to the fragmentation of cytoplasm and nuclei,
forming apoptotic bodies. Furthermore, marked morphological changes to the plasma
membrane and cytoskeleton, as well as the disappearance of microvilli, provided evidence
of their apoptotic effects on DEM-SS cells.

The purposes of identification and development of new treatments are focal points in
translational research on leukemia, a common type of cancer in children. Nordamnacanthal
and damnacanthal could possibly be candidates that meet the demands for new, potent
anti-acute lymphoblastic leukemia drugs.
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